Wastewater treatment plants (WWTPs) have a significant role in urban systems' serviceability. These infrastructures, especially in coastal regions, are vulnerable to flooding. To minimize vulnerability, a better understanding of flood risk must be realized. To quantify the extent of efforts for flood risk management, a unified index is needed for evaluating resiliency as a key concept in understanding vulnerability. Here, a framework is developed to evaluate the resiliency of WWTPs in coastal areas of New York City. An analysis of the current understanding of vulnerability is performed and a new perspective utilizing different components including resourcefulness, robustness, rapidity, and redundancy is presented to quantify resiliency using a multi-criteria decision-making (MCDM) technique. To investigate the effect of certain factors of WWTPs on resiliency, uncertainty analysis is also incorporated in developing the framework. As a result, rather than a single value, a range of variation for each WWTP's resiliency is obtained. Finally, improvement of WWTPs' performance is investigated by allocating financial resources. The results show the significant value of quantifying and improving resiliency that could be used in development of investment strategies. Consideration of uncertainty in the analysis is of great worth to estimate the potential room for improvement of resiliency of individual WWTPs.
INTRODUCTION
Flood is one of the most devastating hazards, and often leads to excessive damage to people and infrastructures. Resiliency is a concept in flood disaster management describing the ability of a system to cope with flood, absorb the corresponding adverse impacts, and return to its normal condition (Simonovic & Peck ) . Although there is no generally accepted meaning for resiliency, many agree that in defining it, some crucial characteristics are essential. Bruneau et al. () were the first to give resilience a tangible meaning. They summarized resiliency in the 4Rs of robustness, redundancy, resourcefulness, and rapidity, that have been widely used by other researchers. Kendra & Wachtendorf () Table 1 . Based on the definition of the 4Rs of resiliency, it also determines partitioning resiliency into four different criteria, and which sub-criterion belongs to which criteria.
Considering the 4R term of resiliency and in order to assist in developing the resiliency index, a methodology flowchart is developed and presented in Figure 1 . 
Factors' representation
In order to characterize a WWTP and determine its resiliency, varieties of factors are identified and used (Table 1) . To obtain the actual values for the factors presented in Table 1 , different official reports including Bloomberg & Strickland () and NYCDEP () are used. In Table 1 , factors with the potential to be improved by financial investment are also determined. These factors are used for further analysis.
Weighing criteria and sub-criteria
On the surface, the criteria of robustness (Ro), redundancy (Re), resourcefulness (Rs), and rapidity (Ra) appear equally tied to quantify resiliency for an urban infrastructure such as a WWTP. However, the weight of these criteria could not be the same. Robustness and rapidity can be regarded as the 'ends' of resiliency. In other words, in order to describe the extent to which a WWTP is resilient, the criteria of both (Ro and Ra) must be fulfilled (i.e., these criteria could be considered as the final objectives for a resilient system). Robustness describes the strength of the WWTP and its ability to withstand a certain level of flooding without suffering degradation or loss of function of treatment of the wastewater. On the other hand, rapidity describes the ability of the system to meet goals and priorities in a timely manner in order to avoid disruption of service. Therefore, together, these two terms can represent the ends of resiliency for a WWTP. If the estimations of the WWTP's robustness and rapidity are both high, then it could be considered resilient. Moreover, redundancy and resourcefulness are means by which the system can become more resilient. These 4Rs are all terms of resiliency that should be taken into account when quantifying the resiliency of a system. Considering the text mentioned above, based on the system of interest, the importance (weight) of the 4Rs could be different.
Appropriating more resources and doing so in an efficient manner will increase the capacity of the system and, in turn, will also increase the resiliency. If the system is more resilient, then it will perform more closely in the way that was intended. In terms of the 4Rs, a WWTP is considered resilient if it can both manage the incoming raw wastewater load and also treat it to a particular quality level standard before discharging it as effluent.
Based on the main functions of WWTPs, in this study, weights for the four terms of resiliency are determined. If the resiliency of the infrastructure can be quantified, it would give stakeholders the opportunity to see a clearer picture of vulnerability. In addition, resources could be more efficiently allocated with the aim of increasing flood resiliency.
The relative importance (weight) of the factors is determined in the form of a questionnaire survey. For this purpose, a questionnaire was designed, and in order to get the best reliable information from the survey, experts were asked to complete it based on their engineering judgment.
These experts were selected among a group of people that were well familiar with the concept of flood resiliency in WWTPs (including four professors, two practitioners, and one post-doctoral fellow). The experts were selected from different ages (30 to 65 years) and career lengths (10 to 30 years) as an indicator of their level of experience. The experience and the knowledge level of the experts were different. However, their understanding of the system's resilience against flooding was sufficiently adequate to be selected for this study. We could only locate a limited number of respondents due to the fairly new resiliency concept used in this study. We believe that the selected pool of respondents has provided answers from different perspectives. These answers are considered adequate to develop the methodology; however, a larger pool of respondents is needed for actual implementations. The questionnaire sample is similar to what is presented in Table 1 
where D n f i , f j À Á for n th factor is calculated as f i À f j and i and j stand for WWTPs. D n,min and D n,max represent the minimum and maximum values among the differences calculated for the n th factor. N signifies the total number of factors identified for evaluation of resiliency and M shows the total number of WWTPs.
The resiliency index for the i th wastewater treatment plant (Res i ) is calculated as follows:
where i ¼ 1, 2, …, M, i, j ∈ M and w n shows the weight of the n th sub-criterion. The value of (1=M for an interactive decision aid to combine subjective and objective data, and presents an approach for quantifying resiliency.
Improving resiliency
In order to increase WWTPs' resiliency against flooding, financial resources can be allocated to improve relevant functions/factors. Since the resiliency index is calculated based on the estimated actual values, sub-criteria with financial investment potential to improve resiliency (indicated in 
Uncertainty analysis
Values of resiliency that can be obtained from Equation (2) are based on initial estimated values of factors for WWTPs.
Although these values are acquired based on the interpretation of the official reports, they could be subject to error and uncertainties arising from the method used for their determination. Therefore, there is uncertainty associated with data availability and accepting representative values of sub-criteria using engineering judgment, and also accepting minimum and maximum values of sub-criteria for WWTPs as the lowest and highest values. One of the important parts of this study is the determination of the variability of the estimated actual value of each sub-criterion. Monte-Carlo simulation is used in this study for uncertainty analysis.
Monte Carlo simulation is a numerical procedure to reproduce random variables that preserve the specified distributional properties (Tung & Yen ) . In Monte Carlo simulation, the response of the system of interest is repeatedly measured under various system parameter sets generated from the known or assumed probabilistic distributions. It offers a practical approach for uncertainty analysis because the random behavior of the system response can be probabilistically duplicated. Therefore, each factor is assumed to be a random number with a certain distribution. This distribution can be estimated based on the observed values of that factor for all WWTPs.
Not all of the sub-criteria could be treated as random numbers;
therefore, a number of them are selected for this part of the analysis. By generating random numbers of selected sub-criteria actual values based on the determined distributions, the variation of resiliency for each WWTP could be obtained. This variation is useful for resiliency improvement, because it provides a range of variation from our initial estimates. Furthermore, it provides a framework for investigating how resiliency can be improved by improving the values of sub-criteria (depending on whether increasing or decreasing them is preferred).
CASE STUDY
The case study is NYC, which has experienced several storm In addition to data for Sandy, available operational data for the treatment plants are also used to perform the analysis.
According to Figure 2 , every part of the case study drainage area belongs to only one WWTP (it should be noted that this is a combined sewer system); therefore, there is no interrelation between plants.
RESULTS
In Table 2 , actual values of the sub-criteria for different
WWTPs are presented. In order to calculate the weights of each sub-criterion, the normalized weights of 17 sub-criteria are calculated using pairwise comparison through the AHP method. The weight of each criterion (i.e., 4Rs) is then calculated as the summation of all the corresponding sub-criteria weights. These weights are normalized so that the summation of the weights for the 4Rs criteria would be 1. In Table 3 , the weights (relative importance) of sub-criteria and criteria are presented. These weights are obtained by post-processing the weights assigned to the factors by the experts.
Based on the results in Table 3 , it can be observed that rapidity and robustness are weighed more than resourcefulness and redundancy. After analyzing the alternatives 
Uncertainty analysis
In order to incorporate the scheme proposed in the Methodology section, the following steps are taken:
• The sub-criteria that can act as random numbers or have an uncertain nature must be recognized. Among the considered factors, sub-criteria related to hydrologic features such as hurricane flood elevation, and sub-criteria that could have an effect on flood risk such as 'percent of is not at risk of flooding, for example, due to a high elevation or being water proofed)' are considered as factors with an uncertain nature. Table 4 shows the complete list of the identified uncertain factors.
• The probability distribution functions for each sub-criterion's permissible values are obtained. This is done by examining different distributions such as normal, log normal, and Weibull, and then determining the best distribution function to fit to observed values of each sub-criterion for the 14 WWTPs. In Table 4 , distribution functions and the corresponding parameters fitted to different sub-criteria are also presented.
• Based on the fitted distribution functions, 100 random values are generated for selected sub-criteria, and the resi- there is some room for improving resiliency. It should be noted that the uncertainty analysis of weights is not performed in this study because it was not within the scope of this work and needs a relatively large number of experts for weighting factors. However, it is suggested that it be considered for extension of this study or for actual implementation of the methodology.
Based on the 100 generated values of resiliency for each WWTP, the most appropriate distributions are fitted 
Improving resiliency
The WWTPs with low values of resiliency (near to the minimum value of the resiliency variation range as shown in Figure 4 ) are more important to be considered for allocation of financial resources. The cost of increasing economicbased sub-criteria for one unit of cost is shown in Table 6 .
The data in Table 5 are obtained from data sources such Figure 4 , the effect of implementing these scenarios to improve the resiliency of Rockaway, as an example which has the lowest resiliency value among the considered WWTPs, is investigated.
DISCUSSION
As can be seen in Table 7 , scenario numbers 1, 6, and 7 require an extremely high cost value compared to the others, which makes these options impractical. The high cost of structural expansion is the main reason for the high cost of these scenarios. Considering the results presented in Table 6 , it can be concluded that, in general, structural measures are expensive to implement and cannot considerably improve the resiliency. However, non-structural measures, such as increasing plant staff, are cost-effective and consequently are preferred for use.
In terms of recovery from flooding, the return to normal plant operations can be attributed to the plant staff when they try to reduce the amount of damage to critical equipment. According to NYCDEP (), plant staff could undertake many precautionary tasks, such as sandbagging low-lying buildings, relocating some of the portable equipment, filling chemical tanks, making sure that emergency power equipment is operational, and shutting down certain inflow pipes to reduce the inflow of combined sewage to the plant. By comparing scenarios regarding the percent of increase in the resiliency and the estimated costs, scenarios 2 and 3 present better improvement; however, after consultation with experts, the effect of plant staff on resiliency seems to be overestimated in these scenarios. Therefore, scenario 5 can be considered as the best alternative.
SUMMARY AND CONCLUSION
In this study, a framework is proposed to quantify the resi- for uncertainty analysis, a larger group of respondents may be needed to develop probability distribution functions on the weights of factors and to incorporate this uncertainty into the analysis. Moreover, optimization algorithms can be formulated to determine how a certain amount of budget can be allocated to improve resiliency.
